The diversity of herbivorous insects is often considered a function of host plant diversity. 22
However, recent research has uncovered many examples of closely related herbivores 23 using the same host plant(s), suggesting that partitioning of host plants is not the only 24 mechanism generating diversity. Herbivores sharing hosts may utilize different parts of 25 the same plant, but such resource partitioning is often not apparent; hence, the factors 26 that allow closely related herbivores to coexist are still largely undetermined. We 27 examined whether partitioning of phenology or natural enemies may explain the 28 coexistence of leaf cone moths (Caloptilia; Gracillariidae) associated with maples 29 (Acer; Sapindaceae). Larval activity of 10 sympatric Caloptilia species found on nine 30 maple species was monitored every 2-3 weeks for a total of 13 sampling events, and an 31 exhaustive search for internal parasitoid wasps was conducted using high-throughput 32 sequencing. Blocking primers were used to facilitate the detection of wasp larvae inside 33 moth tissue. We found considerable phenological overlap among Caloptilia species, 34 with two clear peaks in July and September-October. Coexisting Caloptilia species also 35 had largely overlapping parasitoid communities; a total of 13 wasp species belonging to 36 four families attacked Caloptilia in a non-specific fashion at an overall parasitism rate 37 of 46.4%. Although coexistence may be facilitated by factors not accounted for in this 38 study, it appears that niche partitioning is not necessary for closely related herbivores to
Introduction 42
Host plant diversity is arguably the primary factor that drives the diversity of 43 herbivorous insects on earth (Novotny et al. 2006) . Because herbivore species are 44 usually specialized to a narrow taxonomic group of plants, ecological speciation as the 45 result of a shift to a new host (host-shift-driven speciation) is often considered a major 46 driver of herbivorous insect diversification (Feder et al. 1988; Hawthorne & Via 2001; 47 Nosil et al. 2002; Malausa et al. 2005) . For example, a classic study by Farrell (1998) 48 showed that among the Phytophaga beetles, lineages that use angiosperms as hosts are 49 more species rich than are those that use gymnosperms, suggesting that the diversity of 50 angiosperms has facilitated host-shift-driven diversification of the beetles that feed on 51 them. However, different views about the effects of host plants in generating 52 herbivorous insect diversity have arisen (Rabosky 2009 However, in many instances, closely related herbivores co-occur on the same host 72 without any apparent means of resource partitioning (Strong et al. 1982) , indicating that 73 there are other factors besides resource partitioning that facilitate coexistence of species 74 sharing the same host plant. 75
One mechanism that allows coexistence of species with similar resource use is 76 phenological partitioning. For example, the geometrid winter moth Inurois punctigera 77 has two allochronic races that coexist stably without partitioning resources; allochrony 78 is even postulated as the direct cause of divergence in this case (Yamamoto & Sota 79 2009 Blepharoneura flies co-existing on the same-sex flowers of curcurbit host plants. Also, 83 the more than 20 Andricus gall wasp species that coexist on shared oak hosts display 84 remarkable diversity of gall forms; because gall morphology is a major determinant of 85 parasitoid community structure, differences in natural enemies also provide a 86 comprehensive explanation for the coexistence of multiple gall wasp species on oaks 87 (Bailey et al. 2009 ). However, analysis of parasitoid communities among closely related 88 herbivores is still limited, and our understanding of the role of natural enemies will 89 increase with additional data. 90
In this study, we examined whether differences in phenology or natural 91 enemies explain the coexistence of closely related herbivorous insects on shared host 92 plants. We focused on interactions between a group of leaf cone moths (Caloptilia, Kawakita 2016). We investigated the phenology (i.e., temporal niche) and parasitoid 106 community (i.e., enemy niche) of locally co-occurring, maple-feeding Caloptilia species 107 by sampling Acer leaves containing Caloptilia larvae every 2-3 weeks for a total of 13 108 sampling events, yielding 274 moth larvae. Species identification of moth larvae and 109 detection of internal parasitoids were based on a simultaneous barcoding 110 (metabarcoding) approach using high-throughput sequencing with the aid of Caloptilia moths feeding on Acer trees were sampled every 2-3 weeks by searching for 150 active larvae in leaf rolls (i.e., fourth or fifth instar) on the foliage of 10 Acer species 151 from mid-May to mid-November of 2015 ( Fig. 3 ). We sampled only larvae in leaf rolls 152 because some leaf-mining larvae die early due to inconsistency between maternal 153 oviposition and larval performance, and host use cannot be assessed precisely in such 154 cases. This also enabled us to avoid sampling artifacts caused by the difficulty of 155 conducting an exhaustive search for leaf miners. To standardize sampling effort, we 156 sampled Caloptilia moths from branches with a diameter of 2.1 ± 4 mm from five 157 individuals of each tree species. After sampling, moths were preserved in 99.5% ethanol 158 and stored at -20°C. 159
Delimitation of species was based on sequences of the mitochondrial cytochrome 160 oxidase subunit I (COI) gene for all samples. We extracted genomic DNA using the 161 NucleoSpin Tissue Kit (Macherey-Nagel, Düren, Germany). To simultaneously perform 162 species identification of larvae and an exhaustive search for internal parasitoid wasps by 163 high-throughput sequencing, we amplified the mitochondrial cytochrome oxidase I gene 164 apply them to multiple closely related species, as in this study, where we were unable to 201 identify the larvae morphologically. We designed the blocking primer 202 5'-CCCCCCHCTTTCATCWAAYATYGCHCATRGWGGWAGATC-3' to block 203 sequences of Caloptilia moths feeding on Acer based on known information about the 204 COI sequences of the moths and already-confirmed parasitoids (Table S4 ). The blocking 205 primer overlaps six bases with mlCOIlintF. The blocking primer was modified at the 206 3'-end with a Spacer C3 CPG (three hydrocarbons) to prevent elongation without 207 affecting its annealing properties (Vestheim & Jarman 2008) . The performance of the 208 blocking primer for Caloptilia moths feeding on Acer was also tested (Supplemental 209 files 2). 210 211
Analysis of sequencing data 212
We extracted the reads, which fully contain both primer sequences, from the 213 Table S1 ). The 272 names of Caloptilia moths were matched with those found by Nakadai and Kawakita 273 (2016). Each Caloptilia species uses 1-3 Acer species, with an average of 1.7 ± 0.9; we 274 visually confirmed three sets of Calptilia moth species with largely overlapping host 275 use (Fig. 2) . The average parasitism rate throughout the year was 46.4%. The parasitism 276 rate for each species is described in Table S3 . Six of 13 parasitoid wasps were 277 previously confirmed to have emerged from Caloptilia larvae; they provided the 278 reference sequences that were used for constructing Caloptilia-blocking primers. 279
The results of the null model analysis indicated that both temporal and enemy 280 niches showed significantly more overlap among species than the expected random 281 distribution given by both indices (temporal, Pianka SES = 4.29, P = 0.003, 282
Czechanowski SES = 4.77, P = 0.001; enemy, Pianka SES = 4.77, P = 0.001, 283
Czechanowski SES = 5.73, P = 0.000; Table 1 ). T This indicates that phenology is 284 significantly overlapping among Caloptilia species, and parasitoid wasps are widely 285 shared among Caloptilia species. In Mantel tests, only the relationship between 286 temporal and enemy niches, as assessed by the Pianka index, showed a significant 287 correlation (r = 0.41, P = 0.046; Fig. 5, Table 2 ), and the Czechanowski index indicated 288 a similar, but not significant, trend (r = 0.35, P = 0.063; Table 2 ). Mantel tests showed 289 no significant correlations between other factors (Table 2 ). This indicates that species 290 with overlapping phenology tend to share common parasitoid wasps. 291 292 Discussion 293
Role of phenology and natural enemies in facilitating species coexistence 294
The present study found three sets of Caloptilia moth species, each consisting of species 295 with largely overlapping host ranges. Although the species that share hosts are not 296 monophyletic, they are very closely related in the Caloptilia phylogeny (except for C. 297 gloriosa, which belongs to a different clade than the rest of the maple-feeding 298 Caloptilia) and have almost identical larval feeding modes ( Fig. S1 : Nakadai & 299 Kawakita 2016). Additionally, we found large overlaps in both phenology and parasitoid 300 community among species sharing the same host and among the community of 301 maple-feeding Caloptilia as a whole (Table 1 ). These findings suggest that niche 302 partitioning might not be necessary for closely related herbivores to coexist on shared 303
hosts. 304
An obvious shortcoming of the above conclusion is that factors not accounted for 305 in our analysis may be critical for niche partitioning among Caloptilia species. For 306 example, although there is no apparent difference in the age of leaves used by the larvae 307 or larval feeding mode among the species studied (Fig. 1) , there may be a fine-scale 308 difference that we did not detect. Also, because we used larvae at the leaf-rolling stage 309 for our analysis of internal parasitoids, the role of parasitoids at the egg or leaf-mining 310 stage was left uninvestigated. Condon et al. (2014) showed that parasitoids often attack 311 the larvae of unusual hosts but do not successfully emerge as adults in such occasions. 312
Because we only searched for parasitoids using the larvae of prey herbivores, such 313 lethal interactions may have been included in the data, obscuring differences in 314 parasitoid communities. Examining every aspect of Caloptilia life history may thus 315 reveal an unexpected mechanism that facilitates coexistence of species with overlapping 316 host use. 317
Alternatively, niche partitioning may genuinely be absent, and species 318 coexistence may be facilitated by other mechanisms. For example, shared natural 319 enemies enhance species coexistence, either if random predation eases interspecific 320 competition among herbivores (Strong et al. 1982) or if negative frequency-dependent 321 predation decreases the population of the more abundant species (Ishii & Shimada 322 2012). Strong (1982) found resource partitioning to be virtually absent among hispine 323 beetles (Chrysomelidae), which commonly coexist as adults in the rolled leaves of 324
Heliconia plants, suggesting that pressure from predators and parasites has a stronger 325 influence on community structure in this species than does interspecific competition. Bold letters indicate significant results in two-tailed randomization tests 578 Bold letters indicate significant results in Mantel tests 582
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